Results of DNA mismatch repair testing are used to detect Lynch syndrome and have prognostic and therapeutic implications among patients with sporadic colorectal carcinomas. Immunohistochemistry for mismatch repair proteins (MLH1, PMS2, MSH2, MSH6) and PCR for microsatellite instability are two established methods for assessing mismatch repair function. Older literature suggested a discordance rate of approximately 5% between these assays, leading some institutions to perform dual testing on all cases. Although universal mismatch repair testing is now recommended by multiple professional organizations, none provide guidelines regarding preferred assays. We surveyed 96 academic and nonacademic institutions to assess Lynch syndrome screening practices and evaluated discordance rates between immunohistochemistry and PCR among 809 colorectal cancers tested in our own institution. Our survey demonstrated no significant differences between academic and nonacademic practices with respect to testing strategies. Eighty six percent performed universal screening, and usually (76%) employed immunohistochemistry on initial biopsy samples. Only 20% employed PCR; these were mostly academic practices that used both immunohistochemistry and PCR (p < 0.01 compared with the nonacademic groups). Loss of MLH1/PMS2 staining was often (90%) followed by either BRAF mutational analysis or MLH1 methylation assays. Only 24% adhered to WHO recommendations to assign histologic grade based on mismatch repair status. We found only 3 cases (0.4%) with discordant immunohistochemistry and PCR results in our own practice: 1 reflected decreased MSH-6 staining in a neoadjuvantly treated microsatellite stable tumor, 1 MLH1-deficient tumor showed diminished MLH1/ PMS2 in the tumor compared with internal control, and 1 case reflected an error in the molecular laboratory. Overall, our results showed extremely low discordance between methods assessing mismatch repair status and would suggest immunohistochemistry as the preferred single screening test. PCR can be reserved for cases that show equivocal immunostaining patterns.
Introduction
Approximately 15-18% of colorectal carcinomas show mismatch repair deficiency [1] [2] [3] [4] . Most of these are sporadic tumors with epigenetic silencing of MLH1 expression through promoter hypermethylation or, less commonly, somatic biallelic inactivation of mismatch repair genes. Up to 3% of tumors develop in association with Lynch syndrome and result from germline mutations in mismatch repair genes, most commonly MLH1, MSH2, MSH6, or PMS2 [5] . Guidelines aimed at detecting Lynch syndrome, such as the Amsterdam and Bethesda criteria, emphasize patient age, personal and family cancer history, and histologic features characteristic of mismatch repair-deficient colorectal cancers [6] [7] [8] [9] . Unfortunately, screening criteria do not capture all affected individuals. At least 25% of patients with Lynch syndrome do not meet criteria prompting mismatch repair testing, and approximately 50% of patients with germline mutations develop their first Lynch-related cancers after the age of 50 years [10, 11] . These observations, combined with the increasingly apparent therapeutic and prognostic importance of mismatch repair status [12] [13] [14] [15] [16] , have led many professional organizations to recommend universal screening of all newly diagnosed colorectal cancers for mismatch repair deficiency.
Several different techniques can be used to assess mismatch repair status. Immunohistochemistry for MLH1, MSH2, MSH6, and PMS2 represents a qualitative measure of protein expression. It is widely available, relatively inexpensive, readily interpretable in most instances, and easily applied to biopsy or resection material. Polymerase chain reaction (PCR) for microsatellite instability indirectly measures functionality of the mismatch repair protein apparatus. Tumors with defective mismatch repair mechanisms accumulate replicative errors in short, repetitive sequences (i.e., microsatellites) that result in allelic shifts compared with non-tumor DNA from the same patient [17, 18] . Finally, next-generation sequencing assays can indirectly measure mismatch repair status; mismatch repair-deficient tumors usually have a hypermutated phenotype compared with mismatch repairproficient tumors. Reported discordance rates between PCR and immunohistochemistry range up to nearly 10% in some studies leading many institutions, including our own, to employ both methods when assessing colorectal cancers for possible Lynch syndrome [19] .
Although multiple professional organizations have endorsed universal testing of colorectal cancers for mismatch repair deficiency, available data suggest that many laboratories do not adhere to these recommendations. Moreover, specific guidance regarding preferred methodology is lacking. The purposes of this study were two-fold. First, we sought to identify the current state of affairs regarding mismatch repair testing of colorectal carcinomas and determine whether there were any differences between various practice types. We provided pathologists in 185 community and academic settings with a questionnaire survey to gauge their practices with respect to Lynch syndrome screening and colorectal cancer reporting. Second, we suspect that reported discordance rates between immunohistochemistry and PCR reflect imperfections of dinucleotide-based PCR panels and unfamiliarity with nuances of immunohistochemistry interpretation that have been largely overcome in current practice. Thus we evaluated our own experience with 809 colorectal cancers subjected to dual testing with immunohistochemistry for mismatch repair proteins and PCR.
Materials and methods

Survey regarding mismatch repair deficiency testing of colorectal carcinomas
We designed an 11-item questionnaire to query clinical practices regarding mismatch repair deficiency testing of colorectal carcinomas (see Supplementary Information 1) . We sent the survey to pathologists at 185 academic and nonacademic practices, including 163 in the United States and 22 in Canada, Europe, and Australasia. A lack of response from the contact pathologist was followed by repeated attempts at contact and follow-up with another member of the group, as necessary. In order to avoid overrepresentation of larger practices, responses from only one pathologist at each institution were recorded. Pathologists were queried regarding selection criteria for screening, test of choice (e.g., immunohistochemistry for mismatch repair proteins and/or PCR), utilization of follow-up testing for abnormal results, and compliance with World Health Organization (WHO) recommendations regarding relationships between mismatch repair status and histologic grade assignment. To explore whether testing algorithms were influenced by financial reimbursement policies for inpatient testing, pathologists were also asked whether they were familiar with their institutional policies regarding financial reimbursement for ancillary studies. Multiple-choice answers were provided for each question and space was available for comments. Responses from each participating institution were collected, and the data were analyzed as a whole, as well as by practice type. Comparisons among practice models were performed using Chi-squared test. A p value of <0.05 was considered statistically significant.
Comparison between immunohistochemistry and PCR for Lynch syndrome screening
We retrospectively identified all colorectal carcinoma cases subjected to mismatch repair-deficiency testing at New York-Presbyterian Hospital/Weill Cornell Medicine from January 2009 to June 2017. We identified 922 resected colorectal adenocarcinomas, including 103 cases evaluated by immunohistochemistry alone, 10 cases assessed by PCR alone, and 809 tumors evaluated with both immunohistochemistry for MLH1, PMS2, MSH2, and MSH6 and PCR using five mononucleotide markers. Cases that showed discordance between immunohistochemical results and microsatellite status were subjected to additional testing. In these cases, both immunohistochemistry and PCR were repeated on the blocks that were originally tested, as well as on an additional block of the tumor.
Immunohistochemistry for mismatch repair protein expression
Immunohistochemical stains were performed to evaluate MLH1 (clone G168-728, BD Biosciences, San Jose, CA), PMS2 (clone A16-4, BD Biosciences, San Jose, CA), MSH2 (clone FE11, Calbiochem, Burlington, MA), and MSH6 (clone 44/MSH6, BD Biosciences, San Jose, CA) using standard techniques. Loss of staining was defined as complete loss of nuclear staining in all of the tumor nuclei with preserved staining of lymphocytes and/or nonneoplastic crypt epithelium. Decreased staining intensity of tumor cells was noted when the internal control showed strong nuclear staining.
Microsatellite instability testing by PCR
Formalin-fixed paraffin-embedded sections of the tumor that showed at least 25% neoplastic cellularity and normal tissue controls were macrodissected and subjected to DNA extraction using the QIAamp DSP DNA FFPE Tissue Kit (Qiagen USA, Germantown, MD). Microsatellite status was determined using the Promega Microsatellite Instability Analysis System (Promega, Madison, WI) consisting of five nearly monomorphic mononucleotide markers (BAT-25, BAT-26, NR-21, NR-24, and MONO-27) and two highly polymorphic pentanucleotide markers (Penta C and Penta D) as identity controls. The PCR products were analyzed by capillary electrophoresis performed on the ABI 3130xl PRISM Genetic Analyzer with the Genescan Analysis GeneMapper Software version 4.0 (Applied Biosystems, Foster City, CA). Tumors were deemed microsatellite stable when there was no detectable shift in the electrophoretic pattern of the tumor DNA compared with that of corresponding normal tissue. The appearance of additional peaks in the tumor was interpreted to represent microsatellite instability. Tumors with instability at two or more markers were classified as microsatellite instability, whereas those with instability at only one marker were considered to have microsatellite instability.
Results
Survey regarding screening practices for Lynch syndrome
We received 96 responses from pathologists practicing in the United States (n = 84), Canada (n = 4), Europe (n = 5), and other international programs (n = 3) representing an overall survey response rate of 52%. Respondents described their practice setting as academic (n = 59, 61%) or nonacademic (n = 37, 39%); the latter included community-based practices (n = 29, 30%), private reference laboratories (n = 5, 5%), and non-reference private laboratories (n = 3, 3%). The survey results, detailed in Supplemental Information 2, are enumerated in Tables 1 and 2 and summarized below.
Eighty three (86%) respondents reported universal screening of all colorectal cancers, and 56 (67%) of these performed testing on biopsy specimens obtained at the time of cancer diagnosis. The overall universal screening rate was slightly higher among academic practices compared with nonacademic groups (92 and 78%, respectively, p = 0.06), but the differences were not significant, and both types of group performed their analyses on biopsy specimens at similar rates (59 and 57%, respectively). Seven percent of practitioners did not perform universal testing on cancer specimens but reflexively tested samples from patients <70 years of age; only 4% relied on clinician requests to prompt screening. Nine percent of respondents performed universal screening on all extra-colonic adenocarcinomas of the gastrointestinal tract, while 54% screened such cases only upon clinician request and 19% evaluated these tumors based on Bethesda guidelines. Of note, 76% of respondents did not consider mismatch repair status as a component of histologic grade assignment, regardless of criteria set forth by the WHO. A handful of respondents added commentary to the surgical pathology reports of histologically high-grade but mismatch repair-deficient cases, noting that mismatch repair-deficient tumors may behave less aggressively than mismatch repair-proficient tumors despite the presence of high-grade morphologic features.
Seventy nine percent of respondents screened their cases with immunohistochemistry for mismatch repair proteins alone, 18% routinely performed immunohistochemistry and PCR concurrently, and only a few institutions (2%) performed PCR alone. Most (96%) used an immunohistochemical stain panel consisting of four markers (MLH2, MSH2, MSH6, and PMS2), but three institutions screened cases with only MSH6 and PMS2. Combination testing with both immunohistochemistry and PCR was more common in academic institutions than in nonacademic centers (27 versus 3%, respectively, p < 0.01). Respondents from multiple academic institutions used next-generation sequencing to assess mutational burden as a surrogate marker of mismatch repair deficiency or noted that such methods were currently under development. Respondents from institutions that utilized both immunohistochemistry and PCR reported variable (estimated) discordance rates between the two methods. Eighteen percent estimated the discordance to be <1%, 43% estimated discordance to be 1-5%, and 36% estimated the discordance between immunohistochemical and molecular methods to be 5-10%. Interestingly, 56% of respondents from academic institutions and 78% of those from nonacademic centers were not familiar with reimbursement policies regarding mismatch repair-deficiency testing in their institutions.
Many respondents reported follow-up molecular testing for tumors that showed combined loss of MLH1 and PMS2 immunostaining. Most (60%) performed BRAF mutation analysis, 13% analyzed their cases for MLH1 promoter hypermethylation, and 13% performed both of these tests simultaneously. Four percent performed subsequent testing only at the request of the clinician, and 6% did not offer ancillary testing beyond immunohistochemistry. Of respondents who performed BRAF mutational testing when 
Comparison between immunohistochemistry and PCR
We analyzed 809 consecutive colorectal carcinoma resection specimens evaluated with both mismatch repair protein immunohistochemistry and PCR and compared the results. Concordant results were observed in 806 (>99%) cases. Of these, 648 (80.4%) showed preserved immunoexpression of all four mismatch repair proteins and showed either microsatellite stability (n = 645) or microsatellite instability (n = 3). The remaining 158 (19.6%) concordant cases showed combined loss of MLH1 and PMS2 (n = 130, 82.3%), loss of MSH2 and MSH6 (n = 17, 10.8%), isolated loss of PMS2 (n = 10, 6.3%), or isolated loss of MSH6 (n = 1, 0.7%) staining; all of these tumors showed microsatellite instability. Only 3 cases (0.4%) showed discordant results between immunohistochemistry and PCR. The first was a microsatellite stable tumor initially interpreted to be MSH6 deficient by immunohistochemistry, the second was a microsatellite stable tumor interpreted to show loss of MLH1/ PMS2 staining, and the third was a tumor with microsatellite instability interpreted to show preserved staining for all mismatch repair proteins. Two tumor blocks from each of these cases were subjected to additional immunohistochemistry for mismatch repair proteins and PCR (Table 3) . Discordance in the first case was attributed to misinterpretation of the MSH6 immunohistochemical stain. The tumor was a neoadjuvantly treated rectal carcinoma with weak and patchy MSH6 staining (Fig. 1) . Discordance in the second case was attributed to an error in the molecular pathology laboratory. Repeat testing showed the tumor to be mismatch repair-deficient with concomitant loss of MLH1/PMS2 staining. The third discordant case was also attributed to an error in immunostain interpretation. Repeat testing by PCR demonstrated microsatellite instability, and the staining reactions for both MLH1 and PMS2 were significantly weaker and patchy in the tumor cells compared with adjacent non-neoplastic tissues on repeat immunohistochemistry; the MLH1 and PMS2 immunostains should have been interpreted as equivocal in this case (Fig. 2) .
Discussion
The purposes of this study were to assess current practices with respect to screening colorectal carcinomas for Lynch syndrome and determine whether immunohistochemistry alone is sufficient to detect, or exclude, mismatch repair deficiency. We received feedback from 96 surveyed institutions and found 86% to employ universal testing of colorectal carcinomas for mismatch repair deficiency. Importantly, 66% performed their analyses on biopsy specimens, thereby providing clinical colleagues an opportunity to incorporate test results into treatment planning. Although universal testing was more common among academic practices (92%) compared with the private groups (78%), the difference was not significant. Most institutions (79%) relied on immunohistochemistry for mismatch repair proteins (MLH1, PMS2, MSH2, MSH6) alone and 2% utilized PCR as the initial testing method; 18% used immunohistochemistry and PCR simultaneously. Tumors with combined loss of MLH1/PMS2 staining were subjected to BRAF mutational analysis and/or assessment for MLH1 promoter methylation by 90% of the practice groups. Financial considerations had no apparent bearing on test method selection, as most respondents were not familiar with institutional reimbursement policies for ancillary testing. Data from our own institution are also encouraging. We found a discordance rate of only 0.4% between mismatch repair protein immunohistochemistry and PCR among >800 tested cases. Furthermore, two of the three discordant cases were likely secondary to interpretative errors on re-examination; thus the true biologic discordant rate is as low as 1/809 (0.1%) in our cohort. Our results paint a much more optimistic picture of current Lynch syndrome screening practices than can be inferred from data in the literature. Discordance rates between mismatch repair protein immunohistochemistry and PCR are sufficiently low to support immunohistochemistry as a single screening test, reserving other methods for cases that show equivocal immunostaining patterns. Mismatch repair-deficiency testing was initially developed to screen cancer patients, mostly those with colorectal carcinoma, for Lynch syndrome, an autosomal-dominant heritable cancer syndrome resulting from germline alterations in mismatch repair genes. Screening criteria that rely on clinical and/or pathologic features to prompt testing fail to detect at least 10% of patients, leading several authors to advocate universal testing of colorectal cancer patients for Lynch syndrome [20] [21] [22] [23] [24] [25] . This push towards universal testing gained momentum as the prognostic and predictive value of mismatch repair status among colorectal carcinomas and other solid tumors became evident. Mismatch repairdeficient tumors have a better prognosis compared with stage-matched mismatch repair-proficient tumors. In fact, the WHO defines histologic grade based on mismatch repair status; mismatch repair-deficient tumors are classified as low grade regardless of their morphologic features [14] [15] [16] 26] . Mismatch repair-deficient colorectal carcinomas also show a reduced response to fluorouracil-based chemotherapy compared with mismatch repair-proficient tumors and are more likely to respond to checkpoint-blockade immunoregulatory agents targeting programmed death 1 (PD1)-PD ligand 1 axis [12, 13, [27] [28] [29] . For all of these reasons, the U.S. MultiSociety Task Force on Colorectal Cancer, the National Comprehensive Cancer Network, National Society of Genetic Counselors, the Evaluation of Genomic Applications in Practice and Prevention Working Group, and many others advocate universal testing of all colorectal cancers for mismatch repair deficiency, although none make specific recommendations regarding test methodology or sample type [21, 24, [30] [31] [32] .
Despite these recommendations, available data indicate that universal screening of colorectal cancers for Lynch syndrome is not widespread. Beamer et al. surveyed 80 institutions in the United States in 2012 and found that only 42% of respondents performed some type of assessment for mismatch repair deficiency without a clinician-driven request; universal testing was employed by only 38% of respondents [33] . The authors found that universal testing was usually performed by pathologists in an academic setting who performed immunohistochemistry alone (48%), a combination of immunohistochemistry and PCR (38%), or PCR alone (14%). Six years after publication of those data, our findings suggest encouraging trends among both academic and private practices. We found that 86% of institutions performed universal screening of colorectal cancers, and the gap between academic and community practices no longer exists. Our data also demonstrate an overall decrease in the use of PCR in recent years, especially as a single screening tool; we found that only 20% of practices utilized PCR compared with 52% in the prior survey [33] .
Immunohistochemistry for mismatch repair proteins has several advantages over PCR. It is more widely available and less expensive than PCR, interpretation of stain results is generally straightforward, and the pattern of staining can be used as a surrogate marker of the underlying genetic defect, thereby guiding subsequent molecular studies. However, published discordance rates between these assays range from 1 to 9% [19, [34] [35] [36] [37] [38] [39] [40] . In fact, only 18% of respondents to our survey estimated the discordance rate between immunohistochemistry and PCR in their institutions to be <1%; most (43%) estimated it to be 1-5%, and 36% estimated a discordance rate of 5-10% between these testing methods.
Misclassification of tumors by PCR is more likely when microsatellite markers include both dinucleotide and mononucleotide repeats because alterations in the former are not as specific for mismatch repair deficiency as expansion or contraction of monomorphic mononucleotide repeats. Murphy et al. evaluated 34 colorectal cancers and found that 5 mismatch repair-proficient tumors initially classified as microsatellite instability-low on PCR by the Bethesda panel were re-classified as microsatellite stable when a commercially available panel of five quasi-monomorphic mononucleotide markers was used [18] . Carcinomas with mismatch repair deficiency resulting from MSH6 mutations may not be classified as microsatellite unstable when dinucleotide markers are used because MSH6 is not involved in the repair of mismatches only two nucleotides in length; MSH6-deficient tumors are often erroneously classified as microsatellite stable with the Bethesda panel [41] .
Errors may also occur when screening is limited to immunohistochemical panels that do not include four antibodies. Debniak et al. reported 9% of mismatch repair-deficient tumors to show preserved immunostaining for mismatch repair proteins, but they only used antibodies to MLH1 and MSH2 to evaluate their cases [19] . Some authors have proposed that a twoantibody panel comprised of PMS2 and MSH6 is a sensitive, specific, and cost-effective alternative to the four-antibody panel as an initial screen for mismatch repair deficiency [42, 43] . Although some authors have reported that a panel consisting of only PMS2 and MSH6 detects mismatch repair deficiency with 100% sensitivity and specificity, those authors limited their analyses to cancers that showed histologic features suspicious for mismatch repair deficiency, occurred among patients aged <40 years, and those with increased risk for Lynch syndrome based on revised Bethesda criteria [42, 43] . When applied to a general population, use of this two-marker panel failed to detect 4% of colorectal carcinomas with underlying mismatch repair deficiency in one study, possibly reflecting abnormalities in MLH1 or MSH2 that did not result in degradation of PMS2 or MSH6, respectively [44] .
Lack of familiarity with nuances of mismatch repair protein immunohistochemistry can also lead to interpretive errors. Bao et al. found that patchy, often extensive loss of MSH6 was present in 20% of posttreatment rectal cancer resection specimens compared with pretreatment biopsy material [45] . Similarly, Vilkin et al. found PMS2 staining to be decreased in up to 30% of rectal carcinomas following treatment [46] . Decreased intensity of tumor cell staining may also reflect genetic alterations that produce non-functional mismatch repair proteins with partially retained immunoreactivity or defects in other component(s) of the DNA mismatch repair complex, such as MSH3 [19, [47] [48] [49] . Some cases with such genetic alterations will show weak/patchy staining compared with the internal positive control, as we observed in case #3, allowing them to be identified as abnormal and followed with PCR or other methods [50, 51] . However, other cases may fully retain the expression of MLH1, MSH2, MSH6, and PMS2 by immunohistochemistry, resulting in true biologic discordance between immunohistochemistry and microsatellite PCR tests, with immunohistochemistry results being incorrect [38, [52] [53] [54] . We believe that the frequency of this false immunohistochemical result is extremely low, as we did not observe it in our 800+ cases' cohort.
Next-generation sequencing is an emerging technique that simplifies testing algorithms and preserves tissue samples. In addition to providing information regarding the mutational status of BRAF, KRAS, and other cancerassociated genes, it detects the hypermutator phenotype due to either mismatch repair deficiency or alterations in DNA polymerase epsilon catalytic subunit (i.e., POLE mutations). Recent studies have developed criteria for determining mismatch repair status based on microsatellite markers sequenced through next-generation sequencing or assessing total mutational burden [55] [56] [57] [58] [59] . Although several respondents indicated that they utilize next-generation sequencing to determine mismatch repair status, this type of assay is still in development and its utility will likely be largely restricted to academic centers with sufficient resources to undergo such complex analyses on numerous samples routinely. In addition, performing next-generation sequencing on all stage 1 colorectal cancers for which Lynch screening is the sole purpose of mismatch repair status assessment may not be justified.
Mismatch repair-deficient colorectal carcinomas pursue a less aggressive clinical course than stage-matched mismatch repair-proficient tumors, and thus the WHO considers all mismatch repair-deficient colorectal carcinomas to be low grade, regardless of histologic features [18, 26, 60] . Our results indicate that most (76%) pathologists do not follow these recommendations. The most likely explanation to this Fig. 3 Proposed algorithm for the evaluation of mismatch repair status in colorectal carcinoma observation would be that many pathologists object to incorporating ancillary test results into histologic parameters and would prefer to consider mismatch repair status an independent prognostic factor. Emerging data suggest that histologic grade is prognostically important, even among mismatch repair-deficient colorectal tumors. Johncilla et al. evaluated 119 mismatch repair-deficient colonic carcinomas and found that histologically high-grade tumors were more often of advanced stage and associated with decreased survival [61] . The discrepancy between published recommendations and clinical practice should be addressed. The results of this study support utilization of a fourmarker immunohistochemical panel (MLH1, PMS2, MSH2, MSH6) as a screening tool for mismatch repair deficiency among colorectal carcinomas, preferably biopsy samples, reserving PCR for cases that show equivocal staining patterns. Figure 3 shows the flowchart that we would propose for the assessment of mismatch repair status in cancer. As noted by others, loss of MLH1/PMS2 staining in a tumor should prompt BRAF mutation testing followed by MLH1 promoter hypermethylation analysis for BRAF wild-type cases. The rationale for testing BRAF first is that BRAF mutations can be detected in up to 70% of MLH1/PMS2-deficient tumors and are virtually absent in Lynch syndromeassociated tumors, making BRAF mutation testing a highly sensitive tool for excluding germline alterations when mutations are identified [62] [63] [64] [65] . In addition, BRAF mutation testing is more readily available in most laboratories than methylation analysis and is more cost effective [66] . No further evaluation is necessary for cases with BRAF mutations or MLH1 promoter hypermethylation. Failure to detect these alterations in a tumor, loss of MLH1/PMS2 staining, or any other combination (e.g., loss of MSH2 and MSH6, loss of MSH6, and loss of PMS2) should prompt referral genetic counseling [67] . This streamlined workflow is efficient, cost effective, and timely enough to allow for incorporation of mismatch repair status into the surgical pathology report issued at the time of initial cancer diagnosis.
